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1
THIN FILM SOLAR CELL MODULE
INCLUDING SERIES-CONNECTED CELLS
FORMED ON A FLEXIBLE SUBSTRATE BY
USING LITHOGRAPHY

FIELD OF THE INVENTION

Generally speaking, the present invention relates to solar
cell technology, and in particular to solar cells for indoor
applications.

BACKGROUND OF THE INVENTION

Thin-film solar cell technology based on appropriate semi-
conductive materials, such as amorphous silicon (a-Si:H), is
very promising for generating low-cost solar energy. This
thin-film solar cell technology may be used for cost-effective
applications such as large area photovoltaic modules and cells
applied to any appropriate carrier material. For example,
semiconductor materials and metallization layers may be
applied to flexible substrates, thereby enabling the production
of lightweight rollable and/or foldable solar modules which
allow efficient storage and transport.

Generally, the particular size, shape and design of thin-film
solar cells formed on flexible substrates allow for innovative
design of circuit interconnections including efficient designs
that may minimize the impact of shading effects that would
otherwise be impractical for conventional large area solar
cells.

In particular, photovoltaic flexible modules are highly
advantageous for indoor energy harvesting applications. In
this case, the solar module has to comply with the require-
ments of low intensity of light that is available from indoor
lamps, such as fluorescence lamps. The intensity of such light
sources is about 1000 of the sun light intensity under standard
outdoor conditions (radiation travelling a distance through
the atmosphere that is 1.5 times the height the atmosphere). In
addition the spectral composition of radiation emitted from
indoor light sources is very different from the spectral com-
position under outdoor conditions. Under these specific envi-
ronmental conditions the performance of the solar cell is
typically reduced due to a significant impact of defects and
parasitic resistances of the solar cells. In particular the impact
of variable dark leakage current at low biases, which is com-
monly referred to as shunt leakage current, is noticeable at
reduced light intensities. When this shunt leakage is suffi-
ciently high it reduces the fill factor, i.e. the ratio of the
maximum power point (MPP) and the power defined by open
voltage and short circuit current of a solar cell, thereby
adversely affecting the cell efficiency. Hence, for solar mod-
ules to be operated mainly under environmental conditions
with reduced light intensity, for instance in indoor applica-
tions, it is highly advantageous to minimize the effect of the
shunt resistances which are induced mainly during the pro-
cessing of the photovoltaic modules.

Series connection of thin film solar cells in the module is
usually accomplished by patterning the material layers using
laser scribing techniques. Especially for large area modules
this technique is very effective in removing layers by ablation
s0 as to pattern the solar cells. To this end the laser parameters
have to be carefully adjusted with respect to intensity, focus
size and wavelength in order to appropriately remove mate-
rial of the layer under consideration without unduly affect
other material layers and to provide an appropriate pattern
that allows a series connection of individual solar cells.

Appropriate laser parameters can be achieved on large area
robust substrates, such as glass and metal, thereby allowing
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2

highly automated manufacturing environments to be imple-
mented for forming solar modules with series connected solar
cells with a desired size, number and shape.

Nevertheless, even with well-tuned laser scribing pro-
cesses it is very difficult to avoid the generation of defects,
such as metal flakes during the processing in particular of the
metal back side contact, thereby contributing to shunt leak-
ages.

Furthermore, the patterning of the structures of the various
layers with a laser is limited in terms of dead areas caused by
the beam size, which is typically constrained to approxi-
mately 50 to 60 um, thereby resulting in a loss of active cell
area.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide
solar modules including thin-film solar cells and correspond-
ing manufacturing techniques, while avoiding or at least
reducing the effects of one or more of the problems identified
above.

According to one aspect of the present invention the object
is addressed by a method of forming a solar module. The
method comprises forming a rear side metallization layer on
an insulating substrate material and forming a p and n doped
semiconductor layer on the rear side metallization layer.
Moreover, a first isolation trench is formed in the rear side
metallization layer and a contact trench and a second isolation
trench are formed in the p and n-doped semiconductor layer
s0 as to provide laterally isolated semiconductor regions. The
method further comprises forming a transparent front side
metallization layer on the p and n-doped semiconductor layer
and in the contact trench, wherein the first isolation trench
and/or the contact trench and/or the second isolation trench
are formed by applying a lithography process. Additionally,
the method comprises patterning at least the front side met-
allization layer so as to form series-connected solar cells
based on the laterally isolated semiconductor regions of the p
and n-doped semiconductor layer.

According to this aspect of the present invention a manu-
facturing technique for forming a solar module includes the
application of at least one lithography process for appropri-
ately patterning the rear side metallization layer and/or the
semiconductor material of the module. Using lithography
processes for patterning, in particular, the rear side metalli-
zation layer may contribute to a significantly reduced prob-
ability of creating metal flakes, which has been identified in
laser scribing processes as causing significant leakage cur-
rents. Consequently, the total efficiency of the solar module
can be increased, which is highly advantageous in the context
of indoor applications, in which conventional thin-film solar
modules suffer from a pronounced degradation of conversion
efficiency.

Furthermore, even when using relatively low-cost lithog-
raphy techniques the lateral dimensions of the isolation
trenches and contact trenches may be significantly less com-
pared to the corresponding critical dimensions that may be
achieved by applying conventional laser scribing techniques,
even if these techniques are implemented on the basis of
highly optimised process parameters. Thus, in addition to
reducing patterning related defects, in particular when pat-
terning metallization layers, the dead area of the solar module
may also be reduced compared to conventional laser scribing
techniques.

Furthermore, applying at least one lithography process
allows a high degree of freedom in selecting an appropriate
substrate material for the solar module, since the process
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result of lithography and associated etch techniques may be
substantially independent of the material characteristics of
the substrate.

In a further advantageous embodiment patterning at least
the front side metallization layer comprises applying a further
lithography process.

Hence, the material layers used in the solar module may
efficiently be processed on the basis of lithography tech-
niques, thereby allowing the implementation of desired
reduced critical dimensions compared to laser scribing tech-
niques. On the other hand even, with reduced lateral dimen-
sions, the probability of creating leakage paths in patterning
the front side metallization layer is reduced.

In a further illustrative embodiment patterning at least the
front side metallization layer comprises forming a third iso-
lation trench in the front side metallization layer, wherein the
second isolation trench in the p and n-doped semiconductor
layer and the third isolation trench are formed in a common
lithography and etch sequence. In this manner, a single lithog-
raphy and etch sequence is sufficient for patterning the front
side metallization layer and at the same time providing the
laterally separated semiconductor regions so that an efficient
series connection of the individual separated semiconductor
regions is accomplished on the basis of reduced critical
dimensions of the isolation trenches.

In a further illustrative embodiment forming the first iso-
lation trench in the rear side metallization layer comprises
applying a first lithography and etch sequence prior to form-
ing the p and n-doped semiconductor layer. In this case the
patterning of the rear side metallization layer is accomplished
by specifically selected design parameters, while also the
actual patterning of the rear side metallization layer on the
basis of an etch process allows increased flexibility in select-
ing appropriate etch recipes, since other sensitive materials
are not present in this manufacturing stage.

In a further embodiment, the contact trench is then formed
by applying a second lithography and etch sequence. In this
case, superior flexibility in selecting etch recipes and gener-
ally process parameters is achieved, while in particular the
selection of the etch parameters may ensure a desired high
selectivity with respect to the underlying rear side metalliza-
tion layer.

In a further illustrative embodiment, the first isolation
trench in the rear side metallization layer and the second
isolation trench and the contact trench in the p and n-doped
semiconductor layer are formed by performing a single
lithography and etch sequence.

In this embodiment, the rear side metallization layer and
the p and n-doped semiconductor layer, which may be pro-
vided in the form of a p-i-n semiconductor layer (wherein “i”
stands for “intrinsic layer), may be deposited and may then
commonly patterned on the basis of a single process
sequence, thereby efficiently reducing the number of lithog-
raphy processes. Hence, also the number of lithography
masks that are used for patterning and series-connecting the
solar cells may be reduced, thereby achieving even further
reduced overall production cost.

In one illustrative embodiment the single lithography and
etch sequence is performed such that the contact trench is
formed with a greater width than the first and second isolation
trenches. Furthermore, a conformal dielectric layer is formed
s0 as to cover exposed surface areas of the contact trench and
s0 as to substantially completely fill the first and second
isolation trenches. Thereafter the conformal layer is removed
from the contact trench prior to forming the front side metal-
lization layer.
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4

In this embodiment the different lateral dimensions of the
contact trench and the first and second isolation trenches are
taken advantage of so as to substantially completely fill the
first and second isolation trenches, which may represent a
single trench formed commonly in the semiconductor layer
and the underlying rear side metallization layer so that the
application of an etch process results in an increased removal
rate in the contact trench compared to the first and second
isolation trenches. Consequently, a significant amount of the
dielectric material is preserved in the isolation trenches,
thereby contributing to superior dielectric characteristics and
thus reducing the overall leakage current between neighbour-
ing solar cells. On the other hand the sidewalls in the contact
trench may reliably be exposed so that a desired electrical
contact is established upon depositing the transparent front
side metallization layer.

In one advantageous embodiment, the removal of the con-
formal layer from the contact trench is accomplished by per-
forming a non-masked isotropic etch process. In this manner,
a desired high etch rate is obtained within the contact trench,
thereby ensuring a reliable removal of the dielectric material.

In a further illustrative embodiment, the contact trench is
formed with a width that is less than a width of the first and
second isolation trenches. Moreover, in this embodiment the
inventive method further comprises forming a dielectric layer
above the contact trench and in the first and second isolation
trenches, and patterning the dielectric layer so as to re-open
the contact trench and form sidewall spacers and sidewalls of
the first and second isolation trenches.

In this embodiment the dielectric characteristics of the
isolation trenches are also established on the basis of'a depo-
sition process, which is controlled such that the contact trench
is closed without a significant material deposition into the
contact trench, while on the other hand the sidewalls of the
isolation trenches are reliably covered by the dielectric mate-
rial. On the basis of the subsequent etch process, the previ-
ously closed contact trench is opened again while at the same
time sidewall spacers are formed on the sidewalls of the first
and second isolation trenches, thereby providing for the
desired dielectric characteristics of the isolation trenches.
Thereafter, the front side metallization layer is deposited so as
to substantially completely fill the contact trench, thereby
establishing the electrical connections required for obtaining
the series connection of the various solar cells.

Consequently, also in this manufacturing regime a reduced
number of lithography processes may be applied, wherein the
series connection is then established on the basis of deposi-
tion and etch processes. Since typically lithography processes
mainly contribute to the overall manufacturing cost, a reduc-
tion of the number of lithography steps and associated lithog-
raphy masks significantly increases efficiency of the overall
manufacturing process.

In illustrative embodiments of the present invention the
contact trench and/or the first and second isolation trenches
are formed with a width that is 25 um or less. As discussed
above, a significant reduction of the trenches can be achieved
by applying at least one lithography process, thereby increas-
ing the area that is available for the actual light-sensitive
portions of the semiconductor layer. In this case, the solar
module is especially advantageous for the application in
indoor environments, since here not only an increase of the
total efficiency improves the energy harvesting efficiency, but
also the increased ratio of active semiconductor area two
non-light sensitive areas used for implementing the series
connection in the solar module contributes to superior perfor-
mance. In particularly advantageous embodiments, the lateral
dimensions of any isolation trenches and contact trenches is
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selected to be 25 pum or less, and, in particular, these dimen-
sions may be selected to approximately 10 pm and less. In
some embodiments, the dimensions may be 6 um and less
even when using non-critical lithography and etch tech-
niques, thereby improving the area ratio by approximately a
factor of 10 compared to even well tuned laser scribing tech-
niques.

In one preferred embodiment, the insulating substrate
material is a flexible substrate material. As discussed above
the usage of flexible substrate materials is highly contagious,
for instance in the context of indoor applications, wherein the
present invention provides for a proceed increased light con-
version efficiency due to the reduction of leakage paths upon
patterning the solar modules, since the lithography and etch-
ing technique is significantly less sensitive to the type of
substrate material used compared to laser scribing tech-
niques. In one illustrative embodiment the semiconductor
layer is formed as an amorphous and/or microcrystalline
semiconductor layer. In this case well established materials
may be used, for which appropriate deposition techniques are
readily available. For example, CVD (chemical vapour depo-
sition) techniques are well-established in the art for forming
amorphous hydrogenated silicon layers and/or microcrystal-
line semiconductor layers at desired low temperatures, for
instance at or below 200° C., while in other cases also roll to
roll techniques may efficiently be applied. The semiconduc-
tor layer may for instance be provided in the form of a p-i-n
layer, wherein, for instance, the p-doped layer may be formed
as a top layer of the semiconductor material in order to
enhanced charge carrier accumulation, as is well known in the
art.

It should be appreciated, however, that any other semicon-
ductor materials may be used, such as compound semicon-
ductors and the like, for which appropriate deposition and
doping techniques are available.

According to a further aspect of the present invention the
object is addressed by a solar cell module. The solar cell
module comprises a rear side metallization layer formed on a
substrate material and comprising a plurality of first isolation
trenches. The module further comprises a p and n-doped
semiconductor layer formed on the rear side metallization
layer and laterally divided into a plurality of semiconductor
regions by a plurality of second isolation trenches. Addition-
ally the module comprises a transparent front side metalliza-
tion layer formed on the semiconductor regions and compris-
ing a plurality of third isolation trenches so as to form a
plurality of series-connected solar cells, wherein the first,
second and third isolation trenches have a width of 25 pm or
less, and particularly a width of 10 um or less. As discussed
above the implementation of isolation trenches with the
above specified lateral dimensions significantly reduces the
dead area in the module compared to conventional thin-film
solar modules, thereby providing significant advantages in
particular in environments with reduced light intensity. As
also alluded to earlier, typically dimensions of contact and
isolation trenches in the above specified range may not be
provided on the basis of well-established conventional laser
scribing techniques. By using alternative patterning tech-
niques, for instance as discussed above, in particular the
probability of creating patterning related irregularities in the
form of metal flakes may considerably be reduced compared
to the laser scribing techniques so that the overall internal
conversion efficiency is enhanced in particular for reduced
light intensities.

In one preferred embodiment the substrate material is a
flexible substrate material. For example, materials, such as
polyimide or in general plastics such as polyethylene-naph-
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6

talate (PEN) or polyethylene-terephtalate (PET) may be used,
thereby providing superior flexibility in selecting a desired
substrate material compared to conventional solar modules.

BRIEF DESCRIPTION OF THE DRAWINGS

Further embodiments are also defined in the appended
claims and are described in more detail in the following
description by referring to the accompanying drawings, in
which:

FIGS. 1a to 1/ schematically illustrate cross-sectional
views of a process flow for forming series connected solar
cells on the basis of lithography and etch sequences according
to illustrative embodiments of the present invention,

FIG. 1i schematically illustrates a top view of a solar mod-
ule including a plurality of series connected solar cells
according to the present invention,

FIG. 1 schematically illustrates a cross-sectional view of
the solar module of FIG. 1;,

FIG. 1% schematically illustrates a cross-sectional view of
a solar module, in which the series connection and the corre-
sponding current flow are illustrated, in accordance with the
present invention

FIG. 1/ schematically illustrates a cross-sectional view of a
portion of the solar module including corresponding lateral
dimensions of contact and isolation trenches according to
illustrative embodiments of the present invention,

FIG. 1m schematically illustrates the solar module formed
on the basis of a flexible substrate material according to an
illustrative embodiment of the present invention,

FIG. 2 schematically illustrates efficiency measurement
results of various thin-film solar modules, thereby indicating
superior performance at low light intensities of the solar
modules of the present invention,

FIGS. 3a to 3¢ schematically illustrate cross-sectional
views of a solar module during various manufacturing stages,
in which the patterning is achieved on the basis of a reduced
number of lithography processes according to illustrative
embodiments of the present invention, and

FIGS. 4a to 4c¢ schematically illustrate cross-sectional
view of a solar module during various manufacturing stages,
wherein the patterning of the various layers is accomplished
by a reduced number of lithography processes according to
further illustrative embodiments of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1a schematically illustrates a cross-sectional view of
a solar module 100 in a manufacturing stage, in which a
carrier material 101, such as a semiconductor wafer and the
like, is provided in order to receive a substrate material 102 of
the solar module 100. The substrate material 102 may be
selected as any appropriate carrier material, wherein in pre-
ferred embodiments substrate materials may be used, which
may typically not be considered appropriate for applying
conventional patterning techniques on the basis of laser scrib-
ing techniques. For example, the substrate material 102 may
be generally a flexible material in the form of polyimide or
any other plastic material.

It should be appreciated, however, that, although flexible
substrates provide for superior performance in particular in
indoor applications, basically the present invention may also
be implemented in the context of any other carrier material, as
are also typically used in conventional solar modules. The
substrate material 102 may be formed on the carrier 101 by
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any appropriate process technique, such as deposition pro-
cesses using a gaseous process atmosphere, and the like.

FIG. 15 schematically illustrates the solar module 100 in a
stage, in which a rear side metallization layer 103, for
instance in the form of a molybdenum (Mo) layer or any other
appropriate conductive material is formed on the substrate
material 102. To this end any appropriate deposition tech-
nique may be applied on the basis of CVD, physical vapour
deposition, roll to roll techniques, and the like. Furthermore,
the rear side metallization layer 103 is applied with a thick-
ness of several hundred nanometres to several um, depending
on the overall device requirements of the module 100.

FIG. 1c¢ schematically illustrates the module 100 in a
manufacturing stage, in which a first lithography and etch
sequence 105 is applied so as to pattern the rear side metal-
lization layer 103. During the sequence 105 an appropriate
mask layer 104, such as a resist material, is applied and is
patterned on the basis of alithography process using a specific
lithography mask (not shown) in order to define the lateral
size, shape and position of isolation trenches 1037 to be
formed in the metallization layer 103. It should be appreci-
ated that the sequence 105 may include a lithography process
that may be performed on the basis of non-critical lithography
tools and process recipes, since the width of the isolation
trenches 1037 may be in the range of 1 to several micrometres,
which is well within the capability of presently established
lithography techniques. After forming the etch mask 104 an
appropriate etch process may be performed, which may
include wet chemical etch chemistries and/or plasma assisted
etch recipes, wherein the substrate material 102 may act as an
efficient etch stop material.

Due to the nature of the etch process the layer 103 may be
patterned in a well defined manner, thereby reducing the
probability of creating patterning related material residues,
such as metal flakes, as are typically produced in laser scrib-
ing techniques, as discussed above. Nevertheless, generally
the width of the isolation trenches 1037 may be significantly
less compared to trench width values obtained by even
sophisticated laser techniques.

Thereafter the process sequence 105 is continued by
removing the etch mask 104, which may be accomplished by
well-established wet chemical or plasma assisted strip pro-
cesses.

FIG. 1d schematically illustrates the solar module 100 after
the deposition of a semiconductor layer 106, which may be
provided, in one embodiment, as an amorphous hydrogenated
silicon material or as a silicon-based semiconductor material
comprising amorphous and microcrystalline silicon material.
To this end, well-established deposition recipes are available,
for instance based on CVD, roll to roll techniques, and the
like. It should be appreciated that the layer 106 may be pro-
vided in the form of any other appropriate semiconductor
material, for instance in the form of semiconductor materials
as are also used in other conventional thin-film solar modules.

Typically the semiconductor layer 106 is formed so as to
comprise p-doped areas and n--doped areas in order to pro-
vide an appropriate depletion region for efficiently converting
radiation energy into separated electron/hole pairs. For
example, a p-i-n layer may be formed, as is frequently used in
thin-film solar cells. The appropriate doping of the semicon-
ductor layer 106 may be accomplished by incorporating
appropriate dopant species during the deposition of the semi-
conductor base material and/or by incorporating dopant spe-
cies on the basis of ion implantation, diffusion, and the like.

FIG. 1e schematically illustrates the solar module 100 in a
further advanced manufacturing stage, in which a further
lithography and etch sequence 108 is applied so as to form
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contact trenches 1067 in the semiconductor layer 106. To this
end, an etch mask 107, such as a resist mask, and the like, may
be formed on the basis of a corresponding lithography pro-
cess using a dedicated lithography mask (not shown). In this
manner, the lateral position and the size of the contact
trenches 106¢ is defined in the layer 106 and also the spatial
relationship with respect to the previously formed isolation
trenches 1037 is determined during the corresponding lithog-
raphy process.

After providing the etch mask 107 an appropriate etch
process is applied during the sequence 108, in which the
material of the semiconductor layer 106 is efficiently
removed, while the layer 103 may act as an efficient etch stop
material. To this end, well-established etch recipes are avail-
able, for instance by using plasma assisted etch recipes or wet
chemical etch recipes having a pronounced etch selectivity
with respect to the material 103. It should be appreciated that
the etch mask 107 may also be used for defining edge regions
106¢ in the semiconductor layer 106, thereby determining, in
combination with a subsequent patterning process, the overall
size of the module 100. Finally, during the sequence 108 the
etch mask 107 is removed on the basis of well-established
process techniques.

FIG. 1f'schematically illustrates the module 100 after the
deposition of a transparent conductive layer, which is also
referred to as a front side metallization layer 110, thereby
forming a conductive material above their patterned semicon-
ductor layer 106 and within the contact trenches 106z. The
deposition of the material 110 may be accomplished on the
basis of well-established process techniques.

FIG. 1g schematically illustrates the module 100 during a
further lithography and etch sequence 112, in which an etch
mask 111 is formed so as to define the lateral size, shape and
position of isolation trenches 110z, 106; to be formed in the
front side metallization layer 110 and the semiconductor
layer 106, respectively. It should be appreciated that the iso-
lation trenches 106; laterally separate the semiconductor
layer 106 into individual semiconductor regions 1067 corre-
sponding to individual solar cells to be connected in series.

Similarly, the isolation trenches 1107 formed in the front
side metallization layer 110 provided laterally isolated elec-
trode portions for the corresponding separated semiconductor
regions 106~. The etch process used in the sequence 112 may
comprise appropriately adapted etch recipes so as to etch
through the material 110 using, for instance, the materials 103
and 106 as an efficient etch stop materials. Thereafter, an
appropriate etch chemistry is selected so as to continue the
etch process in order to form the trenches 106, while using
the material 103 as an efficient etch stop material.

It should be appreciated that in some illustrative embodi-
ments (not shown) the etch process in the sequence 112 may
also be used so as to determine appropriate edge regions in the
layer 110 as required for the module 100. In other cases, a
dedicated patterning sequence may be applied so as to define
the lateral dimension of the module 100, which may comprise
a desired number of series connected solar cells. That is,
appropriate edge regions for the module 100 may be formed
on the basis of the lithography and etch sequences 105, 108
and 112 without requiring an additional lithography and etch
sequence.

FIG. 1/ schematically illustrates the module 100 according
to one illustrative embodiment, in which a dedicated lithog-
raphy and etch sequence 114 is applied in order to determine
the lateral dimensions of the module 100 and to provide
appropriately configured edge regions in order to properly
contact the module 100. To this end, the sequence 114 com-
prises the formation of an etch mask 115 based on a dedicated
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lithography mask (not shown) and this etch mask 115 is then
used to pattern the layers 110 and 103 in order to obtain the
desired lateral dimensions. To this end, any well-established
etch technique may be applied.

FIG. 1i schematically illustrates a top view of the module
100 including a plurality of solar cells that are connected in
series according to the above described process sequence on
the basis of lithography and etch techniques. As shown, a
length 115/ and a width 115w of the module 100 may be
selected so as to include a desired number of solar cells,
wherein also appropriate lateral dimensions of edge regions
102¢ are selected, thereby also determining the number and
size of the solar cells and contact areas of the module 100
provided by the front side metallization layer 110. For
example, a length 110/ and a width 110w may be selected in
correlation with the dimensions 115/, 115w so as to meet the
design requirements for the module 100.

FIG. 1j schematically illustrates a cross-sectional view of
the module 100 of FIG. 1i. As shown, a plurality of solar cells
120 is provided, wherein the individual solar cells 120 are
laterally isolated from each other on the basis of the isolation
trenches 1107, 1067, while the rear side metallization layer
103 is laterally divided into isolated electrode regions on the
basis of the isolation trenches 103z. On the other hand, the
contact trenches 1067, which are filled with the conductive
material of the layer 110, electrically connect a dedicated
electrode region of the layer 103 with the transparent upper
electrode region, i.e. a corresponding portion of the layer 110,
in order to form a corresponding electrical path through the
module 100. Moreover, edge regions 115 provide electrical
contact areas for connecting to the upper electrode portion of
the first solar cell (right hand side of FIG. 15) and for connect-
ing to the lower electrode of the last solar cell (left hand side
of FIG. 1)).

FIG. 1% schematically illustrates the current flow through
the plurality of solar cells 120.

FIG. 1/ schematically illustrates a cross-sectional view of
the module 100 according to illustrative embodiments, in
which substantially the same pitches are used for patterning
the layers 103, 106 and 110. For example, a pitch 103p defin-
ing the lateral extension of the bottom electrode of a single
solar cell on the basis of the isolation trenches 103¢ is equal to
a pitch 106p defined in the semiconductor layer 106 by the
contact trenches 106z. Moreover, the pitches 103p, 106p are
equal to a pitch 110p that defines the isolated electrode por-
tions of the layer 110 on the basis of the isolation trenches
1107 in combination with the isolation trenches 106/ formed
in the semiconductor layer 106.

In the example shown, a value of 4250 um is selected for
the stripe like solar cells, wherein it is to be understood that
the lateral dimension perpendicular to the drawing plane of
FIG. 1/ may be selected in accordance with the design
requirements, as is for instance also discussed with reference
to FIG. 1i. Furthermore, the width of the various trenches,
such as the isolation trenches 103¢, 110¢ and 106; and the
contact trenches 106z, indicated as D2, may be selected so as
to obtain a desired reduced dead area in the module 100,
wherein in illustrative embodiments, the corresponding width
D2 is selected to 25 um or less, and preferably 10 um or less.

In the embodiment shown in FIG. 1/ the width of the
trenches is selected to be equal, while in other cases, different
lateral dimensions may be selected, as will be described later
on in more detail. Furthermore, the lateral overlap of the
various electrode portions and semiconductor regions, as
indicated as D1, may also be selected with reduced values
compared to conventional thin-film modules in order to
increase the overall active area of the module 100. For
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example, the same values may be used for the lateral dimen-
sions D1 and D2, while it should be understood that also
different values may be applied. Moreover, it is to be noted
that due to patterning of the material layers 103, 106 and 110
onthe basis of lithography and etch techniques even relatively
small dimensions can be implemented without increasing the
probability of creating undue leakage paths, even if relatively
non-sophisticated lithography techniques are applied.

For example, the lateral dimensions D1 and D2 may be
selected to 1 um and even less, if considered appropriate
while in other cases, at least these dimensions may be
adjusted to significantly less than 10 pm, such as 6 pm and
less, thereby obtaining lateral dimensions that are reduced by
a factor of approximately 10 compared to sophisticated laser
scribing techniques.

FIG. 1m schematically illustrates a cross-sectional view of
the module 100 according to a preferred embodiment, in
which the substrate material 102 is provided in the form of a
flexible material, wherein the patterning of the layers 103,
106 and 110 may be accomplished by using strategies and
design values, as indicated above. Hence, a plurality of sub-
strate materials, as discussed above, may advantageously be
used, in particular for indoor applications while providing
superior performance of the module 100 compared to con-
ventional thin-film modules. It should be appreciated that the
substrate material 102 may efficiently be separated from any
carrier material, such as the carrier material 101 illustrated in
preceding figures by any appropriate delamination process.

FIG. 2 schematically illustrates measurement results of the
module efficiency for various thin-film modules, wherein the
measurement points A and B represent the results of a thin
film module formed on the basis of the above described
process sequence and provided on a flexible substrate mate-
rial, as is for instance shown in FIG. 1m. The results have been
obtained by exposing the various solar modules to radiation
asis typically encountered in indoor applications, for instance
by using a standard incandescence lamp (F12 spectrum).

The horizontal axis describes the light intensity, while the
vertical axis represents the total module efficiency. As is
evident from FIG. 2 in particular for low light intensity appli-
cations below approximately 300 lux the thin-film modules of
the present invention, represented by A and B, provide for
superior performance compared to conventional thin-film
modules, indicated by measurement points C.

With reference to FIGS. 3a to 3¢ and 4a to 4c¢ further
illustrative embodiments will now be described, in which the
number of lithography processes may be reduced.

FIG. 3a schematically illustrates a cross-sectional view of
amodule 300 in an advanced manufacturing stage. As shown,
a substrate material 302 is formed on an appropriate carrier
301, followed by a patterned rear side metallization layer 303
and a semiconductor layer 306. With respect to the material
characteristics and methods of forming corresponding mate-
rial layers, the same criteria apply as previously explained
with reference to the module 100. Furthermore, in the manu-
facturing stage shown, isolation trenches 3037, 306i are
formed in the rear side metallization layer 303 and the semi-
conductor layer 306, respectively.

The trenches 3067, 3037 are aligned to each other and have
a width 316w. Similarly, a contact trench 313 is formed in the
layer 306 and also extends into and through the layer 303. The
contact trench 313 has a width 313w that is greater than the
width 316w of the isolation trenches. Moreover, a dielectric
layer 317, which may represent any appropriate insulating
material, is formed in a substantially conformal manner so as
to cover any exposed surface areas of the semiconductor layer



US 9,276,149 B2

11

306 and within the contact trench 313, while the isolation
trenches 3037, 306/ are substantially completely filled with
the material of the layer 317.

The device 300 as shown in FIG. 3a may be formed on the
basis of process techniques as described above in order to
form the materials 303 and 306. Thereafter, a single lithog-
raphy and etch sequence 305 is applied, in which an appro-
priate etch mask 304 is provided, for instance in the form of a
resist material, by using a dedicated lithography mask that
defines corresponding openings in the mask 304 in order to
form the trenches 306i, 3037 and 313 with the desired lateral
dimensions. Consequently, on the basis of the etch mask 304
an etch sequence may be applied so as to etch through the
layer 306 and subsequently through the layer 303 without
requiring an additional lithography process.

To this end, any well-established etch recipes may be used,
as is also discussed above with reference to the module 100.
Thereafter, the dielectric layer 317 is deposited, for instance
by CVD, wherein the initial layer thickness is selected in
correlation with the dimensions 316w and 313w such that the
trenches 3067, 3037 are completely filled while the surface
areas of the trench 313 are only coated by the dielectric layer
317.

FIG. 3b schematically illustrates the module 300 in a fur-
ther advanced manufacturing stage. As shown, an etch pro-
cess 318, such as a plasma assisted or wet chemical isotropic
etch process is applied so as to remove material of the dielec-
tric layer 317. Consequently, during the etch process 318 the
dielectric material of the layer 317 may efficiently be
removed from within the trench 313 and also from above the
layer 306. On the other hand, a significant amount of the
dielectric material 317 is preserved within the isolation
trenches 306:, 303z.

FIG. 3¢ schematically illustrates the module 300 after the
above described process sequence. Hence, the contact trench
313 and the layer 306 are exposed, while the isolation
trenches 3067, 3037 still contain a significant amount of the
material of the layer 317, thereby at least reliably electrically
isolating regions 3034 and 3035 of the electrode layer 303
from each other. In this stage a transparent front side metal-
lization layer 310 may be deposited on the basis of any appro-
priate deposition technique, thereby forming a conductive
material in the contact trench 313 so as to connect to the
bottom metallization layer 303. On the other hand, an elec-
trical contact to the regions 3034, 30356 within the isolation
trenches 306:, 3037 is reliably suppressed due to the presence
of the remaining material of the layer 317.

Consequently, upon patterning the layer 310 so as to form
isolation trenches 310z a series connection of the individual
solar cells may be accomplished, wherein the number of
lithography processes is reduced compared to the previously
described embodiments. FIG. 4a schematically illustrates a
cross-sectional view of a module 400 comprising a carrier
material 401, a substrate material 402, a rear side metalliza-
tion layer 403, a semiconductor layer 406 and a dielectric
layer 417.

With respect to these various components, the same criteria
may apply, as previously explained with reference to the
module 300. Furthermore, the rear side metallization layer
403 and the semiconductor layer 406 are patterned so as to
include a contact trench 413 extending through the layers
406, 403 and isolation trenches 406:, 4037 formed in the
layers 406, 403, respectively. Moreover, a width 416 W of the
isolation trenches is greater than a width 413W of the contact
trench 413. Upon depositing the dielectric layer 417 process
parameters are selected in correlation with the lateral dimen-
sions of the trenches 413, 406, 403¢ such that significant
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material deposition within the contact trench 413 is sup-
pressed, while exposed surface areas of the isolation trenches
are reliably covered by the material of the layer 417. Conse-
quently, during the deposition of the layer 417 the trench 413
is closed in an early stage of the deposition process.

FIG. 4b schematically illustrates the module 400 when
exposed to an etch atmosphere 418, which includes a plasma
assisted anisotropic etch process in order to etch the material
layer 417. Consequently, during the etch process 418, which
may additionally comprise a wet chemical cleaning process,
and the like at a final phase, the contact trench 413 is re-
opened and also the semiconductor layer 406 is exposed. On
the other hand, sidewall spacers 417s are formed within the
isolation trenches 4067, 403z, thereby reliably covering at
least the sidewalls of the layer 403.

FIG. 4c¢ schematically illustrates the module 400 upon
depositing a conductive transparent front side layer 410
above the semiconductor layer 406 and within the trenches
413, 406, 403z. Consequently, within the contact trench 413
the material of the layer 410 reliably connects to the layer 403,
while atleast in the isolation trench 403¢ an efficient electrical
insulation between the layer 410 and the layer 403 is provided
by the sidewall spacers 417s. Hence, by appropriately pat-
terning the layer 410 in order to form isolation trenches 410¢
therein a series connection of the individual solar cells may be
established, as is also discussed above, wherein the number of
required lithography processes may be reduced.

It should be appreciated that the lateral dimensions of the
contact trenches and isolation trenches in the embodiments
described with reference to FIGS. 3 and 4 may be selected to
be well below the lateral dimensions of trenches formed on
the basis of sophisticated laser scribing techniques, thereby
also increasing the effective cell area in the thin film modules
of the present invention.

That which is claimed is:

1. A method of forming a solar module comprising:

forming a rear side metallization layer on an insulating

substrate;

forming at least one first isolation trench in the rear side

metallization layer;

forming a semiconductor junction layer on the rear side

metallization layer; forming at least one second isolation
trench on the semiconductor junction layer and at least
one contact trench in the rear side metallization layer
and the semiconductor junction layer so as to provide
laterally isolated semiconductor junction layer regions,
with the contact trench having a width different from a
width of the at least one first and second isolation
trenches;

forming a transparent front side metallization layer on the

semiconductor junction layer and in the at least one
contact trench; and

patterning the front side metallization layer so as to form

series-connected solar cells based on the laterally iso-
lated semiconductor junction layer regions.

2. The method of claim 1, wherein at least one of the at least
one first isolation trench, the at least one contact trench, and
the at least one second isolation trench are formed via lithog-
raphy.

3. The method of claim 1, wherein the semiconductor
junction layer comprises a p and n semiconductor junction
layer.

4. The method of claim 1, wherein the semiconductor
junction layer comprises a p-i-n semiconductor junction
layer.

5. The method of claim 4, wherein the p-i-n semiconductor
layer is formed as an amorphous semiconductor layer.
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6. The method of claim 4, wherein the p-i-n semiconductor
layer is formed as a microcrystalline semiconductor layer.

7. The method of claim 1, wherein patterning the front side
metallization layer comprises applying a lithography process.

8. The method of claim 1, wherein patterning the front side
metallization layer comprises forming at least one third iso-
lation trench in the front side metallization layer; and wherein
the at least one second isolation trench in the semiconductor
junction layer and the at least one third isolation trench are
formed in a common lithography and etch sequence.

9. The method of claim 1, wherein forming the at least one
first isolation trench in the rear side metallization layer com-
prises applying a first lithography and etching sequence prior
to forming the semiconductor junction layer.

10. The method of claim 9, wherein forming the at least one
contact trench comprises applying a second lithography and
etching sequence.

11. The method of claim 1, wherein the at least one first
isolation trench in the rear side metallization layer, the at least
one second isolation trench, and the at least one contact trench
are formed by performing a single lithography and etching
sequence.

12. The method of claim 11, wherein performing the single
lithography and etching sequence comprises forming the at
least one contact trench to have a greater width than the first
and second isolation trenches, forming a conformal dielectric
layer so as to cover exposed surface areas of the at least one
contact trench and so as to fill the first and second isolation
trenches, and removing the conformal layer from the at least
one contact trench prior to forming the front side metalliza-
tion layer.

13. The method of claim 12, wherein removing the confor-
mal layer from the at least one contact trench comprises
performing a non-masked isotropic etch process.

14. The method of claim 11, wherein the at least one
contact trench is formed to have a width less than a width of
the first and second isolation trenches; and further comprising
forming a dielectric layer above the at least one contact trench
and in the first and second isolation trenches, and patterning
the dielectric layer so as to re-open the at least one contact
trench and form sidewall spacers on sidewalls of the first and
second isolation trenches.

15. The method of claim 1, wherein the at least one of the
at least one contact trench, the at least one first isolation
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trench, and the at least one second isolation trench are formed
to have a width that is no more than 25 pm.

16. The method of claim 1, further comprising performing
a lithography and etching sequence so as to define lateral
dimensions of the solar module.

17. The method of claim 16, wherein the insulating sub-
strate comprises a flexible substrate material.

18. A method of forming a solar module comprising:

forming a rear side conductive layer on an insulating sub-

strate;

forming at least one first isolation trench in the rear side

conductive layer;

forming a semiconductor junction layer on the rear side

conductive layer;

forming at least one second isolation trench on the semi-

conductor junction layer and at least one contact trench
in the rear side metallization layer and the semiconduc-
tor iunction layer so as to provide laterally isolated semi-
conductor junction layer regions, with the contact trench
having a width different from a width of the at least one
first and second isolation trenches;

forming a transparent front side conductive layer on the

semiconductor junction layer and in the at least one
contact trench; and

patterning the front side conductive layer so as to form

series-connected solar cells based on the laterally iso-
lated semiconductor junction layer regions of the semi-
conductor junction layer.

19. The method of claim 18, wherein the semiconductor
junction layer comprises a p and n semiconductor junction
layer.

20. The method of claim 18, wherein the semiconductor
junction layer comprises a p-i-n semiconductor junction
layer.

21. The method of claim 18, wherein patterning the front
side conductive layer comprises applying a lithography pro-
cess.

22. The method of claim 18, wherein patterning the front
side conductive layer comprises forming a third isolation
trench in the front side conductive layer; and wherein the at
least one second isolation trench in the semiconductor junc-
tion layer and the third isolation trench are formed in a com-
mon lithography and etch sequence.
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